18 19 20 21 22 23 24 provide further insight into how the healthy and impaired nervous system regulates dynamic 49 balance during walking. Introduction 51 Bipedal locomotion is inherently unstable due to the small base of support, long single-52 limb support times, and sensorimotor transmission delays [1]. As a result, we must frequently 53 generate corrective responses to maintain balance in response to both internal and external 54 perturbations [2,3]. For example, to recover from unexpected perturbations such as slips or trips 55 while walking, the nervous system generates reactive control strategies involving simultaneous, 56 coordinated responses of both the upper and lower limbs [4,5]. These reactive, interlimb 57 responses to perturbations can restore stability by generating changes in angular momentum that 58 counteract the body's rotation toward the ground. 59 One conventional method to capture whole-body rotational dynamics during perturbation 60 responses is to compute whole-body angular momentum (WBAM). WBAM reflects the net 61 influence of all the body segments' rotation relative to a specified axis, which is commonly taken 62 to project through the body's center of mass [6-8]. WBAM is highly regulated as its value 63 remains close to zero during normal, unperturbed walking [9,10]. During perturbed walking, 64 angular momentum dramatically deviates from that measured during unperturbed walking [6,7], 65 and this deviation captures the features of body rotation that, if not arrested, would lead to a fall.
136 consisted of one-minute of practice walking without any perturbations, and then a total of 20 137 perturbations were applied (10 to each belt) during the remainder of the trial. Foot strike was 138 computed as the point when vertical ground reaction forces reached 150 N. Each perturbation 139 was remotely triggered by preprogrammed Python code and was characterized by a trapezoidal 140 speed profile in which the treadmill accelerated at foot strike to 1.5 m/s at an acceleration of 1.6 141 m/s 2 , held this speed for 0.3 s, and then decelerated back to 1.0 m/s during the swing phase of the 142 perturbed leg. Participants were aware that they would experience perturbations during the 143 experiment, but the perturbations were randomly triggered to occur within a range of 20 to 30 144 steps after the previous perturbation to prevent participants from precisely anticipating 145 perturbation timing. This range of steps was also selected to provide participants with sufficient 146 time to reestablish their walking pattern to match with the visual feedback.
2.3 Data Acquisition

148
A ten-camera motion capture system (Qualisys AB, Gothenburg, Sweden) recorded 3D 149 marker kinematics at 100 Hz and ground reaction forces at 1000 Hz. We placed a set of 19 mm 150 spherical markers on anatomical landmarks to create a 13-segment, full-body model [26, 27] . We 151 placed marker clusters on the upper arms, forearms, thighs, shanks, and the back of heels.
152 Marker positions were calibrated during a five-second standing trial at the beginning of each 153 trial. We removed all joint markers after the calibration. 160 first, we calculated the mean SLA of the four strides before each perturbation and then 161 distributed these mean values into five equally spaced bins centered at -15%, -10%, 0, 10%, 15% 162 with bin width equal to 5%. We used this achieved SLA instead of target SLA as the independent 163 variable in our statistical analyses. We categorized Baseline (BSL) steps as the two steps before 164 the perturbation occurred, perturbation (PTB) steps as the step during which the perturbation was 165 applied, and recovery (REC) steps as the steps that followed the perturbation. Since we did not 
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Here, m i is segmental mass, r CM-i is a vector from the segment's COM to the body's COM, 
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(3)
We then determined if the included angle between perturbation steps and baseline steps 223 was outside the distribution of included angles observed during unperturbed baseline walking.
224 To this end, we performed a permutation test that randomly and repeatedly selected two groups 225 of ten baseline steps for each participant. For each permutation, we first performed PCA for each 226 group of 10 steps and then calculated the included angle between the two PCs. We repeated this 227 shuffling process 10000 times for each participant. We used the median of this distribution as a 228 threshold to determine if the included angle for post-perturbation values was greater than what 229 would be expected from step-to-step variance.
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Similarly, we computed the included angle between PCs extracted during walking at 231 different levels of asymmetry to those extracted from symmetrical walking to investigate how 232 asymmetry influenced intersegmental coordination patterns. (Eqn. 4).
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(4) θ asym = cos -1 (
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We also determined if the differences in coordination observed during walking with 235 different levels of asymmetry were above the level of variance observed during symmetrical 236 walking. As described above, we obtained a reference distribution of included angles from 237 symmetric walking to determine if the included angle for each level of asymmetry was greater 238 than would be expected from natural, step-to-step variance. During the perturbation step, there was a significant increase in the included angle, which 303 indicated that the intersegmental coordination patterns during perturbation steps differed from 304 the coordination patterns during baseline steps (Figure 3 ). For this analysis, the results of the log-305 likelihood ratio test revealed that random effects were necessary for the regression model. For 306 PC1, we found that the intersegmental coordination patterns were significantly different from the 307 patterns during baseline walking for the perturbation steps (t(54)=18.2, p<2e-16), first recovery 308 steps (t(54)=11.8, p<2e-16), and second recovery steps (t(54)=8.4, p=2.3e-11). Similarly, for 309 PC2, intersegmental coordination differed during perturbation steps (t(54)=11.8, p<2.0e-16), first 310 recovery steps (t(36)=6.7, p<2e-16),and second recovery steps (t(54)=4.9,p=8.9e-6).There was 311 no significant difference between intersegmental coordination patterns during the third recovery 312 steps for either PC1 (p = 0.97) or PC2 (p = 0.14). Thus, participants generally were able to 313 restore their coordination patterns to baseline by the third recovery step. As the magnitude of achieved asymmetry increased, we observed an increase in the 339 deviation of intersegmental coordination patterns from symmetrical walking ( Figure 5 ). Results 340 of log-likelihood ratio tests showed that random intercepts were required in the regression 341 models. One outlier was removed before fitting the linear mixed model for the perturbation step 342 for PC2 because it was more than three standard deviations higher than the median of the 343 included angles. Excluding the outlier did not change the statistical outcome. All included angles 344 differed from the permutated estimate of included angles (p<0.05), indicating that intersegmental 345 coordination at each level of asymmetry differed from the coordination pattern during 346 symmetrical walking. For all steps, we observed a significant main effect of asymmetry on the 347 included angle between the PCs from the asymmetric trials and the symmetric trial (Table 2) .
348 Table 2 Statistical results from the ANOVA examining the effects of asymmetry and direction on 349 the included angle for each step type.
Step The included angle between the PCs extracted during asymmetric walking and symmetric 358 walking increased with the magnitude of achieved asymmetry ( Figure 5) 
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In this study, we provided visual information about the desired and actual step lengths at 401 each foot-strike throughout all trials, including the perturbation and recovery steps. Participants 402 were encouraged to achieve the target step lengths for as many steps as possible, and therefore 403 participants may have relied on this feedback during perturbation recovery to return to their pre-404 perturbation walking patterns faster than they otherwise would without visual feedback.
405 However, participants' reactive response is unlikely to influence measures of momentum until 406 late into the first recovery step as the step length information was only shown after the foot-strike 407 of the first recovery step. It remains to be seen if patterns of interlimb coordination would differ 408 in the presence of asymmetries that are not guided by online visual feedback.
409
Although the reactive intersegmental coordination patterns were significantly different 410 from those observed during unperturbed locomotion, the overall patterns were qualitatively 411 similar across steps. Taken together, these results may reflect two keys aspects of coordination 
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Our results may also have implications for understanding the potential effects of 434 interventions designed to reduce gait asymmetries in people post-stroke, as this is a common 435 rehabilitation objective in this population [39] . Based on the current results, we would expect 436 that reducing asymmetry in people post-stroke would also affect their reactive control strategies.
437 However, further investigation is necessary to determine if reductions in asymmetry affect 438 interlimb coordination during reactions to perturbations. The data from the current study 439 illustrate how the intact neuromotor system modulates coordination between the upper and lower 440 extremities in response to changes in asymmetry, and these data could serve as useful reference 441 data to understand how sensorimotor impairments such as muscle weakness [40] and 442 transmission delays [41] affect the ability to restore WBAM during perturbation recovery in 443 people post-stroke.
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